Aims Plant defence traits against herbivores incur production costs that are usually difficult to measure. However, estimating these costs is a prerequisite for characterizing the plant defence strategy as a whole. Myrmecophytes are plants that provide symbiotic ants with specialized nesting cavities, called domatia, in exchange for protection against herbivores. In the particular case of stem domatia, production of extra wood seems to be the only associated cost, making this indirect defence trait a particularly suitable model for estimating the cost of defence. † Methods Measurements were made of growth pattern and cumulative production cost of domatia over secondary growth in the myrmecophyte Leonardoxa africana subsp. africana, whose internodes display both a solid basal segment and a hollow distal part (the domatium), thus allowing paired comparison of investment in wood. † Key Results Previous studies showed that 'overconstruction' of the hollow part of internodes during primary growth is needed for mechanical support. In this study, it is shown that the relationship between the woody cross-sectional area of the solid and hollow parts of internodes is negatively allometric at the beginning of secondary growth and nearly isometric later on. Thus, in hollow stems, the first phase of slow secondary growth compensates for the 'overconstruction' of the ring of wood during primary growth. Moreover, the cumulative production cost of a domatium (estimated as the additional volume of wood required for a hollow stem compared with a solid one) is very high at the beginning of secondary growth and then quickly tends to zero. † Conclusions Making domatia incurs high costs early in ontogeny, costs that are then amortized later in development of stems and of individual plants. Characterizing ontogenetic variation of the net cost of this peculiar defence mechanism will help us build more accurate theoretical models of resource allocation in myrmecophytes.
INTRODUCTION
Theory on the evolution of strategies of allocation to plant defence against herbivores is based on the assumption that plant resistance is costly (McKey, 1974 (McKey, , 1979 Rhoades, 1979; Boege and Marquis, 2005) . It is now widely acknowledged that resistance traits incur fitness costs in the absence of herbivores (Mauricio, 1998) . Although the cost of resistance mechanisms can also be due to various intrinsic and environmental factors (Purrington, 2000) , measuring production costs -resource investment in production of a particular resistance mechanism -is a prerequisite for characterizing a plant defence strategy. For instance, trade-offs between resistance traits or between growth and resistance can only be demonstrated if production costs are measured for each resistance trait and over time.
Secondary metabolites are common plant defence agents, but their associated production costs are particularly difficult to quantify, in part because doing so requires quantifying the energetic cost of complex biosynthetic pathways (Chew and Rodman, 1979) . Moreover, because secondary metabolites are by-products of primary metabolism, their cost may include production costs that result from selective pressures other than resistance. Further complicating estimation of their costs as defences is the fact that 'secondary' metabolites can also have 'primary' functions (Seigler and Price, 1976) . Production costs associated with indirect defences such as extrafloral nectar, which attracts predators of herbivores, may be measured more easily in terms of carbon and nitrogen investment. However, extrafloral nectar contains carbohydrates and amino acids for which the true production costs may be difficult to assess.
Little attention has been paid to costs of another kind of indirect plant defence. Some plants, called myrmecophytes, produce hollow structures (leaves, stems, stipules, etc.) called domatia, that are used by ants for nesting (Davidson and McKey, 1993) . In return, ants protect the host plant against herbivores, pathogens and competing vegetation (Letourneau, 1998; Suarez et al., 1998; Rosumek et al., 2009 ). In the particular case of myrmecophytes with stem domatia, bearing these structures poses a mechanical problem because, given the same amount of wood of identical composition, hollow stems are more likely to break than solid ones (Spatz et al., 1990; Niklas, 1992) . Hollow stems thus require more wood to sustain a given mechanical stress. Thus, for myrmecophytes with stem domatia, we expect domatia production to incur a cost because mechanical support requires more wood than would be required if the plant had solid stems of the same length. In the myrmecophyte Leonardoxa africana subsp. africana, every internode bears a domatium and shows a solidstemmed basal part and a hollow and swollen distal part in which ants nest (Fig. 1A, B ). This species is thus a particularly suitable model for characterizing an indirect defence strategy against herbivores because the production cost of a stem domatium can be estimated simply and accurately as the proportion of additional wood in the internode bearing a domatium relative to a hypothetical internode of the same length which is solid throughout its length (and with the diameter of the basal solid part of the actual internode). The interesting point in this case is that cost can be expressed as an 'extra' proportion of a particular resource that is already produced and used by the plant. This proportion can be compared between internodes, or between trees, without the need to translate the estimate of cost into some other unit. This is a convenient way of partitioning the cost as a defence of a tissue that also ensures other functions (vascular supply and mechanical support).
Corner's predictions about axial conformity (Corner, 1949 ) suggest a positive relationship between the surface of a leaf and the primary cross-sectional area (i.e. before secondary growth) of the terminal internode bearing it. This relationship was verified across species (White, 1983a, b) , but also during plant ontogeny within species (Brouat et al., 1998) (note that in these cases leaf area and primary cross-sectional area of the corresponding internode both increase with plant size). In both cases, the relationship was shown to be isometric (Brouat et al., 1998) . The size of the internode before secondary growth is most probably determined by the need for vascular supply and mechanical support of the appendage it bears (Shinozaki et al., 1964; Niklas, 1992; Enquist, 2002) , explaining the observed isometric relationship. In contrast, in myrmecophytic plants with stem domatia, this relationship is negatively allometric during ontogeny ( Fig. 2A ): in small plants, the cross-sectional area of wood of each hollow internode before secondary growth is very large in relation to the area of the leaf it bears, and then increases more slowly than leaf area during plant ontogeny (Brouat and McKey, 2001) . Brouat and McKey (2001) postulated that young myrmecophytes (with smaller stems and leaves) invest in the ring of wood around hollow stems more than is needed for mere vascular supply of leaves, probably to provide the additional wood required for mechanical support of a hollow tube of sufficient diameter to function as nesting space. Later in the plant's development (larger stems and leaves, whereas the hollow tube changes very little in diameter), this 'extra' production of wood is no longer necessary. Although Brouat and McKey (2001) compared growth patterns of myrmecophytes and related non-myrmecophytes, and not of hollow and solid parts on the same plant, their results strongly suggest a cost of domatia during primary growth, in terms of extra wood that must be produced.
Of course, the ultimate currency of cost is fitness. Studies of long-lived woody plants virtually never demonstrate the cost of any trait in terms of reduced lifetime fitness, and our study is no exception. Nevertheless, the concept of fitness cost forms the very basis of theories of resource allocation by plants (e.g. Bazzaz and Grace, 1997; Westoby et al., 2002) . Like all other major components of plant biomass, wood is implicated in trade-offs explaining patterns of interspecific variation in plant life histories (e.g. Stevenson and Shackel, 1998; Kooyman and Westoby, 2009) . Investment in wood is particularly likely to impose a significant cost for plants which, like Leonardoxa, grow in the understorey of dense tropical rain forest, where light is a limiting factor and carbon is thus a scarce resource. A trait that requires producing extra wood is expected to reduce the resources that the plant can allocate to other functions and thus to be costly in terms of growth and survival. Such a trait is expected to persist only if it confers benefits greater than this cost. Although we acknowledge that the real fitness cost of extra wood production in L. a. africana has never been measured (and is hardly measurable at all for such a long-lived, slow-growing organism), it seems reasonable to consider that extra wood production imposes a significant cost in the environment where it lives.
As for other resistance traits in other plants, if the production of domatia is costly, it is expected to be constrained by variation in resource allocation strategy during plant ontogeny (Boege and Marquis, 2005; Hanley et al., 2007) . There may also be trade-offs between the various indirect defence traits, depending on resource availability (Yamawo and Hada, 2010) . Domatia production is expected to be particularly costly early in plant ontogeny, because of the leaf-stem allometry during primary growth driven by the requirement to produce a hollow structure with a threshold minimum diameter (see previous paragraph). Production of domatia is thus likely to influence growth-related traits, as well as other defence traits, owing to ontogenetic trade-offs (Boege et al., 2007) . The cost of domatia production during plant ontogeny may also depend on the pattern of secondary growth. As primary stem diameter is larger for stems bearing domatia compared with solid stems (Brouat and McKey, 2001) , if the same rate of cambial growth applies to both parts of the internode, then the diameter of swollen hollow stems will remain larger than that of solid portions of the same internode ( Fig. 2B , dashed line 1). Under this scenario, the volume of extra wood invested in an internode bearing a domatium (cumulative production cost) should increase during secondary growth. However, production of unnecessary quantities of wood during secondary growth should be counter-selected, and thus reduced cambial activity in the domatia-bearing part of stems should be favoured. As the primary woody crosssectional area of the domatia-bearing part of the stem is larger than what is required for vascular supply, we predict that the diameter of the swollen part of internodes should increase very slowly (or not at all) at the beginning of secondary growth, in contrast to that of the solid basal part. At a certain stage, this hollow part of the internode will also need additional wood for vascular supply and mechanical support of the additional distal twigs and leaves, and should then show a growth pattern similar to that of the solid part of the stem (Fig. 2B , dashed line 2). Under this scenario, the Brouat and McKey, 2001) . Each of these parameters increases during ontogeny of the plant (e.g. meristems are thicker, and the leaves they produce are larger, on the youngest shoots of a sapling than on the youngest shoots of a seedling). b is the slope of the regression (isometric for b ¼ 1, allometric for b = 1). The light grey area represents the cost of myrmecophytism (extra wood needed for mechanical support). (B) Predicted relationship between stem diameter and stem age during secondary growth for myrmecophytes (hollow stem, dashed lines) and non-myrmecophytes (solid stem, solid line) under a scenario of a similar and constant rate of cambial activity for both types of stem (dashed line 1, maximum cost for hollow stem during secondary growth), or a scenario of an optimized rate of cambial activity according to stem type (dashed line 2, no cost for hollow stem during secondary growth). The distance between the two black dots is due to the hollow cavity and the extra wood needed for its mechanical support. Any hollow stem whose diameter is above dashed line 2 suffers from a cost of bearing a domatium that is proportional to its distance from dashed line 2. (C) Variation of the cost of domatia (in terms of wood production) over plant ontogeny. Thick line: absolute cost during primary growth, deduced from data in Brouat and McKey (2001) . Thin line: cost during primary growth relative to plant size. Dashed line: cumulative net cost after secondary growth (assuming the plant survives and its stems have the opportunity to complete secondary growth), predicted if selection tends to optimize wood production.
proportional volume of extra wood invested in an internode bearing a domatium should be initially high, but, as secondary growth proceeds, the investment differential between a hollow stem and a solid stem of the same length should become progressively smaller, and the cumulative cost of producing domatia should finally become zero (Fig. 2C ). As younger plants have a higher proportion of internodes at an early stage of secondary growth, then considering the whole tree, the proportion of volume of extra wood needed for bearing domatia, and thus the cost of this component of defence, should be by far the highest early in the plant's life. Thus, describing the cumulative production cost of domatia over the whole life span of the internode (i.e. during secondary growth) is necessary to characterize the variation of domatia-associated cost over plant ontogeny, and is a first step in elucidating the global defence strategy of myrmecophytes. In this study, we investigate for the first time the consequences of bearing caulinary domatia for patterns in stem secondary growth and evaluate how the cost of producing domatia changes as secondary growth proceeds. We performed morphometric analyses on whole trees using as a study model the highly specialized ant-plant L. a. africana to test the following three predictions. Prediction 1. As producing domatia is costly, at least during primary growth (Brouat and McKey, 2001) , selection should favour the production, early in ontogeny, of either no cavity at all or of a cavity large enough to allow colonization by ants, so that the cost is immediately balanced by the benefits from hosting ants (i.e. defence against herbivores). The hollow cavity (the dimensions of which are not altered by secondary growth) must have a certain minimum diameter to function as a nesting space, and this diameter is mostly set by the size of founding queens of the ant associate. In our focal model system, the first domatium produced can host an incipient colony. We thus predict that cavity diameter should vary little throughout plant ontogeny. As explained above, supporting this central cavity requires additional tissue when stems and leaves are small relative to the cavity size, but not when stems and leaves are larger. Increased nesting space required by the growing ant colony is provided not by increasing the diameter of cavities, but instead by producing longer hollow internodes (and larger numbers of them).
Prediction 2. As the production cost of domatia is expected to be optimized (see previous paragraph), the woody crosssectional area of hollow parts of internodes should follow a biphasic pattern during secondary growth: a first phase of no or little growth, and a second phase of growth similar to that of solid parts of internodes.
Prediction 3. Under this scenario, the proportion of additional wood required by the domatium (cumulative production cost) should decrease throughout secondary growth of the internode, and tend to zero.
MATERIALS AND METHODS
Leonardoxa africana subsp. africana (Baill.) Aubrév. (Leguminosae, Caesalpinioideae) is a myrmecophyte endemic to Atlantic rain forests of central Africa (McKey, 2000) . It is an understorey tree of up to 15 m high. Each tree is occupied by a single colony of the ant Petalomyrmex phylax Snelling (McKey, 1984) . The symbiosis between L. a. africana and P. phylax is obligatory and specific: the ants have never been found anywhere else than in this plant species, and healthy plants are always occupied by these ants. The plant produces extrafloral nectar but no food bodies, and the ants do not rear hemipterans. Ant removal experiments demonstrated that P. phylax ants provide effective protection against herbivores (Gaume et al., 1997) . Moreover, leaves of unoccupied plants, or of those occupied by a specific ant 'parasitic' on the mutualism, Cataulacus mckeyi Snelling, are usually severely damaged by phytophagous insects . Each growth unit of the plant is composed of a single internode that bears a caulinary domatium and one compound leaf with 2 -6 leaflets that can live for several years. Each tree is thus composed of a multitude of domatia, each with its own entrance hole, that are not interconnected. Each internode shows a short solidstemmed basal part and a longer, hollow and more or less swollen distal part ( Fig. 1A, B ). This is an interesting feature because secondary growth can be studied simultaneously on solid and hollow stem segments, permitting paired comparisons.
Thirteen L. a. africana trees (excluding seedlings, saplings and very old trees) were collected in Cameroon (seven near the village of Ebodjé, 2 834 ′ 05 ′′ N, 9 850 ′ 37 ′ 'E, and six near the village of Nkolo, 3 813 ′ 18 ′ 'N, 10 814 ′ 57 ′ 'E). For each tree we collected all mature internodes that bore an open domatium (from 47 to 203 internodes). This represents most of the internodes of each individual tree, except for the most basal ones, because the ants do not maintain entrance holes in the few oldest domatia, and secondary growth results in the closure of the entrance hole. The few young internodes that had not completed primary growth were not collected. For each mature internode of each tree (1289 internodes total), using a binocular microscope we measured the length of the internode (LI), the basal diameter (smallest diameter) (BD) and distal diameter (largest diameter) (DD), and the length (LC) and largest diameter (CD) of the cavity it bore (Fig. 1C ). From these measurements, we computed, for each internode, the basal cross-sectional area (solid part), the crosssectional area of the ring of wood at the distal end (where the internode is hollow), the cross-sectional area of the hollow cavity and the proportion of additional wood required by the domatium ( presumably for mechanical support), computed as [(volume of wood in the solid part of the stem + volume of wood in the part bearing the hollow cavity) -hypothetical volume of wood if the internode were solid over its entire length]/hypothetical volume of wood if the internode were solid over its entire length, following the formula:
We used this quantity as an estimator of the cumulative production cost of a domatium over the life span of the internode. Although we have not demonstrated that producing an extra volume of wood is costly in fitness terms, this seems a reasonable assumption for this species, which grows in a light-poor, hence carbon-poor environment. The basal part of the internode is not swollen. Its morphology is thus not affected by the domatium, and its diameter is strictly dependent upon its primary diameter and on secondary growth since maturation of the internode. Thus we considered the basal cross-sectional area of the internode as a good proxy for age of the internode. We described variation in measurements using linear regression. Data were log-transformed for the study of allometric relationships because the coefficient of the slope of the resulting linear regression can be easily interpreted (isometry if coefficient ¼ 1, allometry if coefficient = 1). Regression slopes in allometric relationships were tested according to Zar (1996) . Statistical analyses were performed using Statistica 6 . 1.
RESULTS

Variation of cavity size of domatia during tree ontogeny and secondary growth of internodes
Pith is a primary tissue that is unlikely to be affected by secondary growth (Sinnott, 1921; Eames and MacDaniels, 1925) . As the cavity of a domatium derives from pith, secondary growth is unlikely to affect its dimensions. Thus, variation in the diameter and length of the hollow cavity reflects changes during ontogeny of the tree. As the basal cross-sectional area of an internode can be used as a proxy for its age, internodes with the largest basal diameter bear cavities produced earliest in plant ontogeny. The correlation between the basal crosssectional area of internodes (used as a proxy for age) and the diameter of the hollow cavity was significantly positive, but the slope of the regression line was very weak (0 . 0078), as was the fitting of data (R 2 ¼ 0 . 046), showing that the diameter of the cavity varies little with tree ontogeny. The length of the cavity was also significantly and positively correlated with the basal cross-sectional area of the internode. The slope of the regression line was somewhat higher (0 . 14) and the fitting of data marginally better (R 2 ¼ 0 . 068), but both were still very low, showing little variation with tree ontogeny.
Woody cross-sectional area of the hollow internode shows a biphasic relationship during secondary growth
To characterize the allometric relationship between secondary growth of basal (solid) and distal (hollow) parts of internodes, we plotted the log-transformed basal cross-sectional area against the log-transformed cross-sectional area of the ring of wood at the distal end. We used these two measures as estimates of plant investment in solid and hollow (domatium) parts of internodes, respectively. The scatterplot revealed two different parts of the relationship that appeared to differ in slope (Fig. 3) . The inflection point was visually fixed at a basal diameter of 4 mm (i.e. log of basal cross-sectional area ¼ 1 . 099). To test the relevance of splitting the data, we built two linear regression models. Model 1 fitted a single regression line to the whole data set, whereas model 2 fitted two lines (according to the inflection point defined above). The squared residuals were significantly lower for model 2 than for model 1 (t-test for paired samples, t ¼ 11, d.f. ¼ 1288, P , 0 . 000001), indicating that the two parts of the data were better described by two different regressions. The slope for basal diameters ,4 mm (b ¼ 0 . 30) was significantly lower than 1 (t ¼ -44, d.f. ¼ 1016, P , 0 . 00001), but higher than 0 (t ¼ 19, P , 0 . 00001). The slope for basal diameters ≥4 mm was much higher (b ¼ 0 . 94) and was slightly, but significantly, lower than 1 (t ¼ -3, d.f. ¼ 269, P , 0 . 01; Fig. 3) . Thus, at the beginning of secondary growth, the relationship 0 0·5 between the basal and distal cross-sectional area of wood was negatively allometric: the distal cross-sectional area of wood increased much more slowly than the basal cross-sectional area. However, after substantial secondary growth (twigs with basal diameter .4 mm), the relationship became nearly isometric: solid and hollow parts of internodes grew almost at the same pace.
Cumulative production cost of a domatium decreases to zero during secondary growth
The cumulative production cost of a domatium ( proportion of additional wood required in each internode; see the Materials and Methods for details on the calculation) was very high at the beginning of secondary growth but quickly decreased later, tending to zero (Fig. 4) . The production cost of a domatium, which is maximal at the end of primary growth, is thus amortized during secondary growth. The total volume of additional wood required for domatia (sum over all internodes for each tree) represented 14-51 % (mean + s.e. ¼ 28 + 3 %) of the hypothetical volume that would be needed if internodes were solid. Moreover, considering only the terminal internodes, which are the youngest, this proportion was much higher: 77-226 % (mean + s.e. ¼ 135 + 12 %). In other words, producing a new internode bearing a domatium requires investing more than twice as much wood as would have been needed without the domatium.
DISCUSSION
Morphometric analysis of most internodes (1289) from 13 sexually mature trees of the myrmecophyte L. a. africana allowed us to validate the three following predictions: (1) the diameter of the hollow cavity varies relatively little during tree ontogeny in this myrmecophyte; (2) the increase in the cross-sectional area of the ring of wood around the domatium shows a biphasic relationship during secondary growth, indicating optimization of wood production; and (3) the cumulative production cost of a domatium tends to zero as secondary growth proceeds, so that the cost of producing domatia is highest early in the ontogeny of the individual internode, but is then quickly amortized, and is also highest early in the ontogeny of the tree, in part because the proportion of young internodes is highest in younger individuals. As ontogeny proceeds, the amount of wood required in any case for vascular supply and mechanical support of the plant becomes sufficient to protect domatia, so that this component of the plant's system of indirect defence confers no cost. Ontogenetic variation in resistance traits has been widely documented (Boege and Marquis, 2005; Hanley et al., 2007) , but evidence of trade-offs between these traits is scarcer (Boege et al., 2007) . Our results highlight the importance of estimating production costs of resistance mechanisms during plant ontogeny, and not only relying on their mere occurrence, to characterize trade-offs between defence traits. Indeed, domatia are functional throughout their life, providing benefits to the plant at all ontogenetic stages, whereas their production cost is high only in early ontogeny.
We demonstrated that cavity diameter and length showed little variation according to the basal diameter of the internode. Variation in these measures reflects changes during ontogeny of the tree because secondary growth is unlikely to affect the dimensions of the hollow cavity. We can conclude that cavity diameter and length vary little during ontogeny of the tree. A somewhat similar result was previously found in this species (Brouat and McKey, 2001) , using a different (arguably more appropriate) proxy: measuring internodes (one per tree) before secondary growth, these authors found that cavity diameter increased at a rate less than proportional to that of leaf size (which increases during plant ontogeny). The relative constancy of cavity diameter and length is not surprising, because the plant must produce a habitable-size structure from the start, if it is to accrue any benefit from this investment. Thus, the size of the associated ants constrains the initial size of domatia.
Measurements on all internodes of each tree allowed us to investigate the pattern of domatium wall thickening during secondary growth. Similar cambial activity between solid and hollow portions of stems would have led to a larger woody cross-sectional area of hollow portions than of solid portions even for old internodes (illustrated in Fig. 2B,  dashed line 1) . The trend shown by our data allows clear rejection of this scenario (Fig. 5A) . Before secondary growth, supporting a large central cavity requires that the woody cross-sectional area of a hollow stem be larger than what would be necessary if the plant had a solid stem of the same length (Brouat and McKey, 2001) . Under strong selection pressure for optimal investment in wood, we may thus expect hollow parts of internodes to stop secondary growth until more vascular supply is needed for leaves and stems added distally (Fig. 2B, dashed line 2) . Our data on the relationship between the woody cross-sectional area of hollow stems and solid stems shows a trend close to that expected under this scenario. Indeed, we observed a biphasic relationship with a first part that is negatively allometric (the slope is much lower than 1) and a second part that is nearly isometric ( Fig. 5A ). This means that secondary growth of the part of the internode bearing the central cavity is reduced compared with that of the solid part until a certain point (empirically defined at a basal diameter of 4 mm). After this point, the pace of secondary growth is similar for both parts of internodes.
Overconstruction of the part containing the domatium during primary growth is compensated by a lower subsequent pace of secondary growth. However, the trend of the relationship is significantly different from that expected under optimal compensation (Fig. 5A) because the slope of the first part of the relationship is significantly higher than zero, indicating some growth of the part of the stem bearing the cavity as soon as secondary growth proceeds. Thus, domatium production incurs a cost not only during primary growth, but also during the earliest phase of secondary growth. The production cost of a domatium (cumulative cost over primary and secondary growth), measured as the proportion of additional wood required for bearing a domatium, rapidly decreases during secondary growth and finally reaches zero. The biphasic pattern of secondary growth observed between solid and hollow parts of internodes means that energetic investment in solid and hollow parts of stems is similar when calculated over the life span of an internode. Producing a domatium thus has a high initial cost (before secondary growth begins), which is then quickly amortized as the stem thickens. The total volume of extra wood required for all domatia of a tree represents a large proportion of the wood that would be needed if all stems were solid throughout (mean 28 %), showing a substantial cost in terms of carbon investment for these plants growing in a light-poor environment. However, this proportion is much higher for young internodes (mean 135 %). Although we did not measure this proportion in young trees, we can easily extrapolate our results. The younger the tree, the younger its internodes and the larger the proportion of young internodes. Thus, for very young trees, the proportion of extra wood required for bearing domatia over the whole tree is expected to be roughly similar to the proportion we computed for the youngest internodes, i.e. about twice as much wood as would be required to construct stems which were solid throughout. This high investment early in life would probably impose a large net cost in the absence of herbivores and of benefits from protection against them.
As shown in a previous study, when only primary growth is taken into account, the cost of producing a domatium is lower later in tree ontogeny (Brouat and McKey, 2001) . This is because the difference between the woody cross-sectional area of a hollow internode and the cross-sectional area of a solid stem associated with a leaf of similar size decreases as leaf and stem size increase during tree ontogeny (illustrated in Fig. 2A ). Stems produced during primary growth are thicker later in tree ontogeny; thus, the part bearing a central cavity will reach the inflexion point defined in this study more quickly. This means that the production cost of a domatium during secondary growth, like that incurred during primary growth, will also be smaller later in tree ontogeny. Thus, the total additional cost of producing a domatium (taking into account both primary and secondary growth) decreases during tree ontogeny (Fig. 5 ). This means that the cost of this strategy of indirect defence is particularly high The pattern of growth is studied through the allometric relationship between the basal cross-sectional area of the internode (solid part) and the cross-sectional area of the ring of wood at the distal end (hollow part), for mature trees. (B) The same pattern extrapolated for trees early in ontogeny, according to the results from Brouat and McKey (2001) . Solid line: schematic representation of the observed relationship between the two measures. Dotted line 1: hypothetical isometric relationship (slope ¼ 1). Dotted line 2: hypothetical relationship expected under a scenario of optimal wood production in the hollow part. 'A' is the basal crosssectional area of an internode before secondary growth, either early (Ae) or late (Al) in tree ontogeny. 'B' is the inflexion point above which growth of hollow and solid parts of the internode follows an isometric relationship, empirically determined as a basal diameter of 4 mm. Light grey area: range of sizes of solid stems (shifted downward for younger plants). Middle grey area: cumulative net cost of a domatium during primary growth. Dark grey area: cumulative net cost of a domatium during secondary growth. early in the plant's life, at a stage where allocation to growth is expected to drain most of the plant's resources (Boege and Marquis, 2005) . It is thus not surprising that the great majority of myrmecophytes begin producing domatia only relatively late in ontogeny (i.e. large-sapling stage). Leonardoxa africana africana is an outstanding exception because it produces functional domatia very early (seedling stage, i.e. as soon as the plant is about 10 cm high). The domatia of seedlings are colonized by founding queens, which quickly produce incipient colonies that probably confer protection against herbivores. The high cost of making domatia early in ontogeny implies that they must confer a high benefit early in ontogeny. Previous experiments demonstrated that P. phylax ants provide efficient protection of their host tree against herbivores, and showed that damage is severe in the absence of ants (Gaume et al., 1997) . Although there are no similar data concerning seedlings, young (small) plants should suffer more from herbivore attack than old (large) ones because they have fewer reserves to compensate for damage and because the same amount of herbivory removes a higher proportion of leaf surface on a small than on a large tree. Cost and benefit, and the ratio between them, have to be examined at different scales of time. We propose that early production of domatia could be an adaptation to the understorey of tropical rain forest, where L. a. africana grows. In such a low-light environment the cost of losing a given amount of leaf area is much higher than in a high-light environment. This is because the rate with which lost resources can be replaced is slower, and because leaves have an expected lifetime of several years once they mature (McKey, 1984) . Loss of a young leaf to herbivores imposes a high opportunity cost, i.e. the loss of several years of photosynthesis. Thus, the cost of producing domatia, in terms of reduced growth, is less than the cost of losing leaves in the absence of ant protection against herbivores. An additional benefit from hosting ants may be nutrient acquisition. Indeed, transfer of carbon and nitrogen has been demonstrated from the ant P. phylax to its host plant L. a. africana (Defossez et al., 2011) . For plants producing domatia early in ontogeny, we may expect selection to favour smaller symbiotic ants because they can effectively occupy smaller domatia, resulting in a reduced initial cost. Early domatia production in L. a. africana may thus have coevolved with the increasing specialization of its associated ant, P. phylax, as suggested by Brouat and McKey (2001) , and its crucial specialized traits may include its small size. Workers of P. phylax are among the smallest of plant-ants (approx. 2 . 5 mm long). Selection for ants small enough to occupy and protect juvenile trees may have been an important selective pressure explaining the great reduction in size of P. phylax compared with its closest relative Aphomomyrmex afer (Meunier et al., 1999) . The latter species is associated with Leonardoxa africana subsp. letouzeyi, a taxon that begins to produce domatia much later in plant ontogeny than L. africana subsp. africana (Brouat and McKey, 2001) .
Plant defence strategy during ontogeny results from tradeoffs among various defence mechanisms and allocation to growth and reproduction (Boege and Marquis, 2005; Boege et al., 2007; Hanley et al., 2007) . Moreover, there may be a trade-off between direct and indirect defences, as plants with biotic defences are more palatable, in the absence of these defences, than plants lacking biotic defences (Llandres et al., 2010) . The cost of producing domatia is very high early in ontogeny, at a time when allocation to growth is crucial. We thus predict that other defence mechanisms, e.g. chemical defences, are less likely to be well developed early in the ontogeny of myrmecophytes. However, the cost of producing domatia is much reduced later in ontogeny, and we predict that additional defence strategies could occur even if the plant is less vulnerable at this stage. We are aware of only one study that investigated defence mechanisms during ontogeny in a myrmecophyte (Del Val and Dirzo, 2003) . Not surprisingly, the authors found that older plants had higher concentrations of tannins and phenolic compounds and higher trichome density, although they were also better protected by the ants than were younger plants. The low cost of domatia later in ontogeny may also help explain why studies have failed to find strong support for the hypothesis of a trade-off between ant-mediated and chemical defences (Heil et al., 2002; Webber and McKey, 2009 ). An additional level of complexity in understanding trade-offs in resource allocation in plants results from great variation in resource availability depending on the identity of symbionts (Gaume et al., 1998; Leroy et al., 2012) . For a more accurate picture of variation of domatia cost over plant ontogeny, our morphometric approach should be extended to a larger range of ontogenetic stages, and in particular to the early stages (seedlings and saplings). Estimating production cost for each kind of defence mechanism during plant ontogeny is thus mandatory for building realistic models of plant strategies of allocation to defence.
CONCLUSIONS
This study is the first to provide insights into the mechanisms by which the cost of domatia production may change during internode development. Morphometric analysis revealed a growth pattern specific to the part of the internode that bears a domatium. This specific pattern results in a high cost, in terms of wood production, early in internode ontogeny. This cost decreases as the internode grows. Consequently, plants with mostly young internodes, i.e. young plants, incur a high cost of bearing domatia, whereas plants with mostly old internodes, i.e. old plants, have amortized much of this cost and incur a lower cost for the new internodes they produce. This underlines the point that life time costs of defence mechanisms need to be taken into account in order to understand plant defence strategy. Our analysis suggests that further studies of the costs and benefits of domatia should focus on the juvenile phases of the plant's life, from seedling to sapling. How does the plant support the high initial cost of producing domatia? Seeds of L. a. africana are larger than those of less specialized taxa that only begin producing domatia later in ontogeny (McKey, 2000; McKey, Université Montpellier 2, France, unpubl. field obs.). We hypothesize that their reserves fuel early domatia production. That seedlings and saplings invest most heavily in these costly tissues suggests that they confer great benefits during these life history stages. Experiments focused on these crucial life stages could test both hypotheses.
